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Abstract 
The number of design gyrations (Ndes) is an extremely important parameter in the asphalt concrete mix design procedure using 
the Superpave method. The choice of Ndes is a function of total traffic during the pavement service life, expressed in ESALs. 
Asphalt concrete mixes for higher traffic levels are compacted to a higher Ndes as a denser mix resists rutting more effectively. 
However, this leads to a lower design asphalt content, which decreases fatigue performance of the mix. Therefore, a 
performance-oriented approach to determine Ndes was developed that optimizes mix performance with respect to both rutting 
and fatigue cracking.  
In this paper, the research methodology adopted to compare the relative performance of surface mixes with 12.5mm nominal 
maximum aggregate size is presented, along with recommended Ndes values for C and D-level  mixes, designed to handle 
traffic levels of 3-30 Million and greater than 30 Million ESALs, respectively. Asphalt concrete mixes were designed at Ndes
levels of 50, 75, 100 and 125 gyrations to determine asphalt content using Superpave design method. Dynamic modulus (E*) 
was measured at design asphalt content for different gyration levels using the Asphalt Mixture Performance Tester device. 
The E* data and corresponding binder properties were used as input in the AASHTO Darwin-ME software to predict rutting 
and fatigue performance of the mixes by assuming a model pavement section and appropriate traffic levels. Relative 
performance indicators were developed for both rutting and fatigue, and plotted against the asphalt content to determine 
optimum Ndes. For both surface mixes, the optimum Ndes value was determined to be 85 gyrations. 
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1. Introduction 
The Superpave mix design method, developed as a part of the Strategic Highway Research Program 
incorporates performance-related design parameters, environmental conditions, load factors and material 
characterization into the design process. The purpose of specifications developed for the mix design process is to 
improve performance of asphalt pavement structures by reducing rutting, thermal cracking and fatigue cracking.  
 
The Superpave method follows a volumetric approach where the aggregate gradation and optimum asphalt 
content are selected by analyzing the air void content and other volumetric properties of the mix. The gyration 
levels are determined by the total traffic expressed in Equivalent Single Axle Loads (ESALs), expected on the 
pavement over its projected service life (Prowell & Brown, 2007). According to the current Superpave 
specifications for characterizing materials used in the asphalt concrete mix, resistance to rutting is measured for 
the asphalt binder in terms of the G*/sin  parameter and fatigue cracking resistance in terms of G*sin  where G* 
is the complex shear modulus of asphalt binder and  represents the phase angle. These specifications, in addition 
to the volumetric requirements can be used to design a mix that performs well in the field with respect to rutting 
and fatigue cracking.  
 
However, the performance of the mix is not explicitly considered as part of the design process. This is due to 
the fact that the design process is used to determine only the aggregate structure and the corresponding design 
asphalt content required to achieve 4 percent air voids, without additional performance characterization of the 
mix. Hence, many State Highway Agencies have adopted additional specification criteria based on performance 
tests such as Hamburg Wheel Tracking Device (HWTD) and Asphalt Pavement Analyzer (APA) to evaluate 
rutting potential of asphalt concrete mixes. 
 
Superpave mixes generally exhibit satisfactory performance with respect to rutting due to their strong 
aggregate skeletons. In addition, mixes that conform to the acceptance criteria of wheel tracking device tests 
mentioned above also show improved rutting performance in the field. To guarantee high rutting performance, 
the design asphalt content is reduced to yield a relatively drier mix which leads to reduced plastic flow of the 
asphalt binder.  The lower asphalt content, however, results in an increase in fatigue cracking, which is becoming 
a widespread problem especially in relatively new pavements that are about 5-7 years old (Maupin, 2003). Hence, 
it is necessary to improve the fatigue cracking resistance in order to obtain an acceptable mix without 
compromising its rutting resistance. 
 
 
 
Nomenclature 
Ndes Number of design gyrations 
ESAL Equivalent Single Axle Load (18,000 lb. or 80 kN single axle load) 
AMPT  Asphalt Mixture Performance Tester 
NCHRP National Cooperative Highway Research Program 
AASHTO American Association of State Highway and Transportation Officials  
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1.1. Background 
Fatigue cracking and rutting are both load-related distresses arising from loss of structural integrity of the 
asphalt concrete layer. Fatigue cracking in a flexible pavement is measured in terms of the percentage of cracking 
per unit area, whereas rutting in the asphalt layer is measured in terms of millimetres (or inches) of deformation. 
Due to difference in measuring the magnitude of the two distresses, a direct comparison against the number of 
design gyrations is not possible during the optimization process. The mix exhibits maximum performance against 
fatigue cracking at the lowest Ndes level, and maximum rutting performance at the highest Ndes level.  
 
Two commonly used approaches to optimize mix performance are the concept of locking point (Prowell & 
Brown, 2007, Hornbeck, 2008), which is the gyration level at which the height of the Superpave mix design 
specimen does not change for at least 2 gyrations, and reduction in Ndes level (Hornbeck, 2008, Aschenbrenner & 
Harmelink, 2002). Locking point was found to relate laboratory mix density to the ultimate field density well, but 
the strength of correlation was very weak (Prowell & Brown, 2007). This was attributed to the locking point 
being affected by the aggregate type, gradation and angularity, all of which were not considered as factors in 
developing the lab-field density correlation. Using Ndes reduction approach, Christensen and Bonaquist (2006) 
observed that rutting performance increased by about 25% with an increase of one level of compactive effort 
(increasing Ndes by 25 gyrations), whereas fatigue performance decreased by 20%.  
 
The effect of compactive effort on rutting and fatigue cracking performance was studied by Prowell and 
Brown (2007), Hornbeck (2008) and Button, Chowdhury and Bhasin (2006). The methodology adopted in the 
Ndes level reduction approach was to measure rutting and fatigue performance of Superpave mixes using various 
performance tests at different Ndes levels. Asphalt content was modified to achieve a target air void content of 4 
percent at four Ndes levels - 50, 75, 100 and 125 gyrations which were originally recommended for different 
traffic levels by the NCHRP (Prowell & Brown, 2007).  
1.2. Procedure for Determination of Optimum Number of Design Gyrations 
Relative performance indicators were developed for fatigue and rutting using a base or control level that 
represents the maximum performance of the mix. Performance is defined as the number of ESALs to reach 
failure with respect to a particular distress, where the failure limits are defined as 10% cracking of the total area 
for fatigue and 6.35 mm (0.25 inches) of permanent deformation in the AC layer for rutting. The control fatigue 
performance, PFatigue is defined as the measured fatigue life at 50 gyrations, as the mix design yields a higher 
asphalt content making the asphalt concrete layer more flexible and thereby more resistant to fatigue cracking. 
Similarly, the control rutting performance PRutting is defined as number of cycles to failure for the mix designed at 
125 gyrations, because higher level of compaction results in better rutting resistance. Relative performance, 
therefore, is calculated using Equation (1) for fatigue cracking and Equation (2) rutting (Button, Chowdhury & 
Bhasin, 2006): 
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where iNFatigue desP , is the estimated fatigue life and iNRutting desP ,  is the estimated rutting life for the mix 
designed using 'i' number of design gyrations. The relative performance with respect to fatigue cracking 
(RPFatigue) is equal to 1 at an Ndes value of 50 gyrations and decreases with an increase in the Ndes value. 
Conversely, the relative performance with respect to rutting (RPRutting) is equal to 1 at Ndes of 125 gyrations, and 
decreases with a decrease in the number of gyrations. The analysis of relative performance data was conducted 
by plotting the relative performance values, expressed as a percentage against the asphalt content. The 
independent parameter in this study was selected as the asphalt content instead of design gyrations, as it is more 
appropriate to relate the performance to a mix property. The relative performance values were plotted against 
asphalt content and the point of intersection of the curves was calculated as the optimum asphalt content. The 
optimum Ndes was determined as the number of gyrations corresponding to this optimum asphalt content from the 
plot of number of gyrations versus asphalt content.  
 
Performance test methods used by state highway agencies can be used to validate mix performance, thereby 
supplementing the mix design process. However, these test methods are not based on fundamental material 
properties (measurement of actual material response to an applied stress or strain), and do not account for 
variability in mix design parameters such as difference in asphalt content in the mix, in evaluating mix 
performance. These tests are also conducted at temperatures specific to the mix type, and the effect of aggregate 
gradation is not sufficiently quantified (Prowell & Brown, 2007, Watson, Moore, Heartsill, Jared & Wu, 2008). 
Therefore, dynamic modulus of the asphalt concrete mix was used to evaluate mix performance in this study, as it 
is a fundamental material property. Dynamic modulus was measured using the AMPT and the rutting and fatigue 
performance of the mixes at different design gyration levels was predicted using the DARWin-ME software. 
1.3. Superpave Mix Design Criteria for North Carolina Surface Mixes 
Surface mixes in the state of North Carolina are designed primarily with two different nominal maximum 
aggregate sizes (NMAS) - 9.5mm and 12.5mm. Further classification of surface mixes is based on traffic level 
(design number of ESALs) as A (<0.3 Million), B (0.3 - 3 Million), C (3 - 30 Million) and D (>30 Million). 
According to the current North Carolina Department of Transportation (NCDOT) Superpave specifications, 
S12.5C mixes are compacted to 75 gyrations and S12.5D to 100 gyrations. It should be noted that the reduction 
in Ndes levels in the NCDOT specifications as compared to the NCHRP-recommended values of 100 and 125 
gyrations for C and D mixes respectively, is not based on mix performance, which this study sought to evaluate.  
 
The results presented in this paper constitute recommended revision of Superpave mix design criteria for 
S12.5C and S12.5D mixes, which are used in surface courses designed for traffic levels greater than 3 Million 
ESALs. The performance grade of asphalt binder used in S12.5C mix was PG 70-22 and S12.5D mix was PG 76-
22, as recommended by NCDOT. 
2. Objectives 
The objectives of the study were to: 
1. Evaluate the sensitivity of asphalt volumetric properties to different levels of design gyrations.  
2. Investigate the effect of changes in Ndes on mix stiffness and performance characteristics by comparing the 
fatigue and rutting performance, predicted using the mechanistic-empirical design procedure for a typical 
pavement section. 
3. Recommend Ndes levels for S12.5C and S12.5D surface mixes. 
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The improvement in fatigue cracking resistance can be achieved in two ways based on the volumetric design 
procedure: 
1. Increasing the target relative density at a given number of design gyrations by increasing the design asphalt 
content.  
2. Reducing the number of design gyrations while maintaining a design air void content of 4% in the mix. 
 
The second approach was used in this research to optimize the rutting and fatigue performance because 
increasing the target relative density has the potential to generate performance problems, especially with soft 
binders (Prowell & Brown, 2007). Asphalt concrete mixes were designed at different Ndes levels and performance 
characterization of the mixes was done in order to determine the optimum number of design gyrations. Mix 
design, performance testing and evaluation are presented in detail in following sections. 
3. Methodology 
3.1. Superpave Mix Design and Modification for Different Ndes Levels 
Mix design was conducted for the two mixes, S12.5C and S12.5D using the Superpave mix design method. 
Design asphalt content was determined for 4% air voids at the Ndes levels of 75 gyrations for S12.5C mix, and 
100 gyrations for S12.5D mix. The asphalt content required to achieve 4 percent air voids at Ndes levels of 50, 75, 
100 and 125 gyrations was determined through volumetric back-calculation of specimen heights at a given 
asphalt content using the relationship between the theoretical maximum specific gravity (Gmm) of the mix and 
asphalt content (Pb). The mix volumetrics for S12.5C and S12.5D mixes at different Ndes levels are shown in 
Table 1. The values represent the average of three specimens compacted to each Ndes number of gyrations.   
Table 1. Superpave Mix Design - Volumetric Properties 
Mix Properties at Ndes S12.5C Mix S12.5D Mix 
Number of Design Gyrations (Ndes) 50 75 100 125 50 75 100 125 
% Asphalt Content - Total Mix 5.71 5.41 5.20 5.03 5.47 5.18 4.97 4.81 
Bulk Specific Gravity, Gmb 2.358 2.463 2.458 2.451 2.432 2.442 2.449 2.455 
Max. Specific Gravity, Gmm 2.451 2.458 2.463 2.469 2.432 2.442 2.449 2.455 
% Air Voids - Total Mix 3.8 4.3 3.7 4.3 4.3 4.1 4.2 4.1 
% Voids in Mineral Agg. (VMA) 16.4 16.3 15.5 15.6 17.2 16.5 16.2 15.7 
% Voids filled w/ binder (VFA) 76.9 73.8 75.8 72.4 75.2 75.2 73.9 74.1 
3.2. Dynamic Modulus Testing and Development of E* Mastercurves 
Dynamic modulus testing was conducted using the Asphalt Mixture Performance Tester (AMPT), according 
to the test procedure specified in AASHTO TP79-09, Standard Method of Test for Determining the Dynamic 
Modulus and Flow Number for Hot Mix Asphalt (HMA) Using the Asphalt Mixture Performance Tester 
(AMPT). Superpave gyratory specimens with 150 mm diameter were compacted to a height of 178 mm. The 
compacted samples were cored and sawed to obtain a test specimen 100 mm in diameter and a height of 150 + 
2.5mm, with a target air void content of 4 + 0.5 percent for the cored test specimen. The test was conducted at 
three frequencies: 10, 1 and 0.1 Hz and three temperatures: 4, 20 and 40oC. Table 2 shows the E* values (Pa) for 
the two mixes. The values of dynamic modulus obtained at the three test temperatures and three frequencies were 
used to develop an E* mastercurve using the non-linear optimization  procedure outlined in AASHTO PP61-09, 
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Standard Practice for Developing Dynamic Modulus Master Curves for Hot Mix Asphalt (HMA) Using the 
Asphalt Mixture Performance Tester (AMPT). 
Table 2. Dynamic Modulus Test Results (Values in Pa) 
Temp 
(oC) 
Freq 
(Hz) 
S12.5C Mix, Ndes S12.5D Mix, Ndes 
50 75 100 125 50 75 100 125 
4 
10 1.82E10 1.96E10 2.06E10 2.18E10 1.84E10 1.90E10 1.96E10 2.05E10 
1 1.41E10 1.61E10 1.70E10 1.78E10 1.46E10 1.53E10 1.57E10 1.64E10 
0.1 1.01E10 1.23E10 1.33E10 1.37E10 1.08E10 1.17E10 1.18E10 1.24E10 
20 
10 8.46E09 1.00E10 1.11E10 1.16E10 8.77E09 9.62E09 9.65E09 1.00E10 
1 5.10E09 6.50E09 7.39E09 7.54E09 5.40E09 6.19E09 6.22E09 6.48E09 
0.1 2.68E09 3.77E09 4.45E09 4.42E09 3.05E09 3.56E09 3.69E09 3.84E09 
40 
10 2.26E09 3.00E09 3.46E09 3.51E09 2.33E09 2.80E09 2.94E09 3.01E09 
1 9.87E08 1.39E09 1.62E09 1.66E09 1.06E09 1.30E09 1.39E09 1.48E09 
0.1 4.75E08 6.68E08 7.67E08 8.07E08 5.54E08 6.96E08 6.70E08 8.15E08 
 
Since dynamic modulus of an asphalt concrete mix is an indicator of its stiffness, a mix compacted at a higher 
Ndes level should have a higher dynamic modulus due to its lower asphalt content and increased stiffness. This 
trend was observed in the E* mastercurves for both mixes as shown below in Figure 1. 
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Figure 1. E* Mastercurves at Different Ndes Levels, Reference Temperature 20oC 
4. Pavement Performance Prediction Using DARWin-ME Design Guide Software 
Dynamic modulus (E*) is a fundamental material property used to characterize an asphalt concrete mix and is 
incorporated into the mechanistic-empirical pavement design procedure as a key parameter that correlates 
material properties to fatigue cracking and rutting performance. DARWin-ME design guide, the current version 
of NCHRP 1-37A Mechanistic-Empirical Pavement Design Guide, which has recently been adopted by the 
industry as the primary tool for pavement design and performance prediction, was used to investigate the fatigue 
and rutting performances of the mixes. Model pavement sections, which are typically used by the NCDOT for 
115 N. Paul Khosla and Dinesh Ayyala /  Procedia - Social and Behavioral Sciences  104 ( 2013 )  109 – 118 
designing asphalt concrete pavements where C and D mixes are required, were used in the analysis. The 
pavement structure consisted of three layers: 
 
 Layer 1: Asphalt concrete surface course, thickness - 7.5 cm , air void content - 8% 
 Layer 2: Crushed stone base course, thickness - 25 cm (S12.5C) and 38 cm (S12.5D), modulus - 163 MPa 
 Layer 3: Subgrade, AASHTO classification A-7-5 (clay), modulus - 46 MPa 
 
The predicted fatigue and rutting performance, along with the relative performance values at different gyration 
levels are given below in Table 3. 
Table 3. Predicted Fatigue and Rutting Performance and Relative Performance Values  
Mix 
Type 
Number of 
Gyrations, Ndes 
Asphalt 
Content, % 
PFatigue (ESALs) PRutting (ESALs) RPFatigue, % RPRutting, % 
S12.5C 
50 5.71 2.26E06 1.77E06 100 68 
75 5.41 2.18E06 2.26E06 96 86 
100 5.20 2.09E06 2.53E06 92 96 
125 5.03 1.95E06 2.64E06 85 100 
S12.5D 
50 5.47 3.99E06 3.49E06 100 84 
75 5.18 3.55E06 3.93E06 89 95 
100 4.97 3.24E06 3.99E06 81 96 
125 4.81 2.86E04 4.19E06 73 100 
5. Analysis of Relative Performance Data and Recommended Revision of Ndes Values  
The analysis of relative performance data was conducted according to the procedure described in Section 1.2. 
Figures 2(a) and 2(b) show the relative fatigue and rutting performance plotted against asphalt content for S12.5C 
and S12.5D mix, respectively. Figures 2(c) and 2(d) show the plots of number of design gyrations versus the 
asphalt content for the two mixes. Based on the relative performance curves, the optimum Ndes value for S12.5C 
mix was calculated as 95 gyrations, which is higher than the current NCDOT specification of 75 gyrations. This 
leads to improvement in rutting life but lowers fatigue cracking resistance. The calculated optimum Ndes value for 
S12.5D mix was 72 gyrations, which is lower than the current NCDOT specification of 100 gyrations, resulting 
in improved resistance to fatigue cracking. However, it is important to optimize rutting performance of the mix as 
it is used in surface courses designed to handle traffic loading in excess of 30 Million ESALs.  
 
Therefore, further analysis of the relative performance at Ndes values other than the calculated optimums was 
conducted to identify practically applicable values that optimize both distresses. In this regard, it is important to 
note that the Ndes values currently used by NCDOT for designing Superpave mixes were not results of any 
detailed study but rather based on an arbitrary reduction in the original Superpave Ndes table (Prowell & Brown, 
2007) in an effort to improve the durability of mixes.  
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Figure 2. Determination of Optimum Ndes from Plots of Relative Performance and Ndes versus Asphalt Content 
Based on the relative performance analysis, an Ndes level of 85 gyrations is recommended for both mixes. 
Figure 3 shows the relative performances at the NCHRP-based Ndes value for both mixes in the Superpave tables, 
the current NCDOT Ndes specification, the calculated optimum value, and the recommended Ndes level with 
respect to fatigue and rutting.  
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Figure 3. Relative Performance Comparison at Different Ndes Levels 
The number of gyrations that optimizes the performance of S12.5C mix was calculated to be 95 gyrations. 
From the slope of rutting and fatigue relative performance curves shown in Figure 2(a), it was observed that 
variation in rutting performance with the number of gyrations is greater than the variation in fatigue cracking 
performance. Therefore, the effect of increasing the Ndes value is more pronounced on the improvement in rutting 
than on the reduction in fatigue resistance. Using an Ndes value of 85 gyrations results in a 2% decrease in fatigue 
performance whereas the rutting is improved by 5%. The reduction in asphalt content from 5.45% to 5.36% 
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represents a 2% decrease in weight of total binder used. Hence, the Ndes value for the 12.5C mix is recommended 
as 85 gyrations. The practical implications of the recommended value of 85 gyrations are improvement in rutting 
resistance and potential savings from reduction in the amount of asphalt binder used in the mix. 
 
From the relative performance analysis for S12.5D mix, the calculated optimum Ndes was 72 gyrations. 
Compared to the current NCDOT Ndes value of 100 for this mix, the flexibility of the pavement is improved due 
to the increase in the design asphalt content in the mix. However, it is also important to optimize the rutting due 
to design traffic consideration. Therefore, it is recommended to reduce the Ndes level for this mix to 85 gyrations. 
An Ndes of 85 gyrations results in an increase in fatigue performance by 6% and decreases the rutting resistance 
by 2%. In terms of asphalt content, a level of 85 gyrations corresponds to an increase of 5% in the weight of total 
binder used (from 4.87% to 5.13%). 
6. Conclusions 
The results of mix design for NCDOT surface mixes S12.5C and S12.5D show that the optimum asphalt 
content decreased with an increase in Ndes level to which specimens were compacted. Results from AMPT testing 
also show that the modulus of the mix at different temperatures and frequencies increases with an increase in Ndes 
as observed from the trend in E* master curves. These findings reinforce the theoretical basis for this study that 
using a higher Ndes for mix design requires a lower binder content and results in a stiffer mix. 
 
The calculated optimum Ndes values are 95 gyrations for S12.5C mix and 72 gyrations for S12.5D mix. From 
the rutting and fatigue performance data, relative performance values were calculated for the resulting optimum 
Ndes values as well as NCHRP recommended values. The recommendations for optimum Ndes were developed 
based on two primary considerations: 
 Effect of using a lower Ndes on rutting and fatigue - improvement in pavement life with respect to fatigue life 
and corresponding decrease in rutting performance 
 Effect of using a higher Ndes - Economic benefits from reduced use of asphalt binder in the mix weighed 
against the reduction in fatigue life. The reduction in the required asphalt content is calculated as a percentage 
of the asphalt binder required for mix design using the current NCDOT specifications.  
 
The recommended Ndes value for both S12.5C and S12.5D mixes is 85 gyrations.  
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